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Abstract
Borate glasses with the composition xK2O-(25-x)Na2O-12.5MgO-12.5BaO-50B2O3 (x  = 0, 5, 10, 15, 20 and 25 mol%) were
prepared by the melt-quenching technique and were characterized using X-ray diffraction at room temperature. From the optical
absorption spectra, the direct forbidden, direct allowed, indirect allowed, and indirect forbidden energy gaps; Urbach energy;
refractive index (n); dielectric constant (ε); reflection loss (R); molar refraction (Rm); and molar polarizability (αm) values of all of
the glass samples were evaluated. Rm, αm and Λth increase with the increase of the K2O content. The values of R, ε  and n  increase up
to x  = 10 mol% and then decrease above x  = 10 mol%, which may be due to the mixed alkali effect. The density and molar volume
values show the opposite behaviour and vary nonlinearly with the K2O content, which manifests the mixed alkali effect in the
present glass system. The infrared (IR) spectra of the borate glasses reveal the existence of 3- and 4-coordinated boron atoms. The
specific vibrations of the Na-O, K-O, Mg-O, and Ba-O bonds were observed in an IR study.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction
In alkali oxide glasses, if the content of one alkali
oxide is gradually replaced by another alkali oxide, keep-
ing the total alkali oxide content constant, a nonlinear
variation of some of the physical and optical properties is
observed, which is called the mixed alkali effect (MAE)∗ Corresponding author. Tel.: +91 9603874998.
E-mail address: srinu123g@gmail.com (G. Srinivas).
Peer review under responsibility of Taibah University.
http://dx.doi.org/10.1016/j.jtusci.2015.09.002
1658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on 
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).frared spectroscopy
[1]. MAE represents the nonlinear variation in density,
molar volume, glass transition temperature, conductiv-
ity, band gap energy and dielectric constant properties,
which are associated with the alkali ion movement. The
addition of alkali oxides to pure borate glasses changes
the boron coordination number from 3 to 4 and leads
to the formation of non-bridging oxygens. The 4-fold
coordinated boron atoms enhance the network rigidity
by the crosslinking of the borate framework. In contrast,
the non-bridging oxygens destroy the borate network.
The negative charge of the network sites is compen-
sated by the positive charge of alkali/alkaline earth oxide
+ 2+behalf of Taibah University. This is an open access article under the
ions (M /M ). The alkali ions do not directly partic-
ipate in the network formation and occupy interstitial
voids. As a consequence, the structures of modified
borate glasses are essentially built from the covalently
 Univer
b
b
b
l
t
a
p
o
i
2
1
2
n
b
s
b
o
i
p
c
T
T
a
l
g
6
w
p
T
s
o
c
t
(
c
4
T
C
G
N
K
K
K
K
KG. Srinivas et al. / Journal of Taibah
onded structural units. The ionic bonds are formed
etween M+, M2+ and B-O anionic units, and their
ond strength depends on the specific alkali and alka-
ine cations. Infrared spectroscopy is used to investigate
he structure of alkali borate glasses over the wide range
nd composition [2–4] of alkali oxides. The aim of this
resent work is to study the mixed alkali effect in vari-
us physical and optical properties of the glasses under
nvestigation.
.  Experimental  methods
The oxide borate glasses of xK2O-(25-x)Na2O-
2.5MgO-12.5BaO-50B2O3 (x  = 0, 5, 10, 15, 20 and
5 mol%) were prepared by the melt-quenching tech-
ique. The starting materials were Merck (GR grade)
oric acid (H3BO3), potassium carbonate (K2CO3),
odium oxide (Na2O), magnesium oxide (MgO), and
arium oxide (BaO). The calculated amounts by mol%
f these compounds were thoroughly mixed and ground
n an Agate mortar with a pestle. The ingredients were
laced into a porcelain crucible and melted in an electri-
ally heated furnace maintained at 1150 ◦C for 40 min.
o obtain homogeneity, the melt was shaken frequently.
he homogeneous melt was then quickly poured onto
 stainless steel plate and pressed with another stain-
ess steel plate, both maintained at 200 ◦C. The resulting
lass samples were subsequently annealed at 300 ◦C for
 h to relieve the strains. The glass samples thus obtained
ere clear, transparent and bubble free. All of the pre-
ared glasses were used for further experimental studies.
able 1 presents the chemical composition of the glasses
tudied. In the glass system studied, the alkaline earth
xide content was kept constant, while the alkali oxide
ontent was varied.
The X-ray diffractograms were recorded at room
emperature with a 0.020/s scanning rate in the range
100–900) using the Philips X-ray diffractometer with
opper K  tube target and nickel filter operated at
0 kV, 30 mA. The optical absorptionspectra of all of
able 1
omposition (mole%) of the glass samples studied in the present work.
lass codes x (mol%) K2O (mol%) Na2O (mol%)
MBB1 0 0 25 
NMBB2 5 5 20 
NMBB3 10 10 15 
NMBB4 15 15 10 
NMBB5 20 20 5 
MBB6 25 25 0 sity for Science 10 (2016) 442–449 443
the glass samples were recorded with a (2092PIUV/VIS-
Analytical Technologies Limited) UV–vis spectrometer
in the wavelength region of 200–1000 nm. The Infrared
Transmission spectra of all of the glass samples were
recorded at room temperature by using a Perkin Elmer
Frontier FTIR in the mid-IR range, i.e., 400–4000 cm−1.
The KBr pallet technique was used to record the IR spec-
tra. The sample was fine powdered and mixed with 0.3 g
KBr in the ratio 2:100 and put into a 13 mm dye and
pressed with a pressure of 7–8 tonnes using a hydraulic
press to obtain transparent pallets with an approximate
thickness of 1 mm. The spectra of these pallets were then
recorded by using a universal sample holder with the
resolution of 4 cm−1 and 16 scans per sample. The back-
ground removal and baseline correction were performed
with the help of Spectrum 10 software.
3.  Results  and  discussion
3.1.  Physical  properties  of  the  mixed  alkali  borate
glasses are  as  follows
The densities of all of the glass samples were esti-
mated from the formula
ρ  =
[
W1
(W1 −  W2) × 0.86
]
(g cm−3) (1)
where W1 and W2 are the weights of the glass sample in
air and xylene, respectively, and 0.86 g/cm3 is the density
of the xylene at room temperature. The molar volume of
the glass composition was calculated using the formula,
Vm =
∑
xiMi
ρ
(cm3 mol−1) (2)
where xi is the molar fraction, Mi is the molecular weight
of the ith component of the glass and ρ  is the density of
the glass. The molar volume relates directly to the spa-
tial distribution of the oxygen in the glass network. The
density and molar volume values are given in Table 2.
Fig. 1 shows the room temperature density (ρ) and molar
volume (Vm) variation as a function of K2O content. It is
found that the density and molar volume show opposite
 MgO (mol%) BaO (mol%) B2O3 (mol%)
12.5 12.5 50
12.5 12.5 50
12.5 12.5 50
12.5 12.5 50
12.5 12.5 50
12.5 12.5 50
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Table 2
Physical and optical parameters KNMBB glass system.
Physical & optical parameters Glass codes
KMBB6 KNMBB5 KNMBB4 KNMBB3 KNMBB2 NMBB1
Average molecular weigh (M) (g/mol) 82.56 80.96 79.34 77.73 76.12 74.51
Thickness of glasses (d) (cm) 0.237 0.078 0.063 0.083 0.065 0.06
Density (ρ) (g/cc) 2.67 2.73 2.75 2.77 2.78 2.81
Molar volume (Vm) (cc/mol) 30.93 29.65 28.85 28.06 27.38 26.51
Theoretical optical basicity (Λth) 0.804 0.791 0.779 0.766 0.753 0.741
Metallization (M) 0.411 0.410 0.409 0.407 0.409 0.413
Cut-off wavelength (nm) 341 333 338 340 335 330
Indirect forbidden gap (eV) 3.553 3.273 3.234 3.204 3.624 3.234
Indirect optical band gap (eV) 3.589 3.459 3.369 3.360 3.630 3.407
Direct optical band gap (eV) 3.604 3.781 3.862 3.781 3.838 3.848
Direct forbidden gap (eV) 3.636 3.842 3.844 3.765 3.893 3.880
Urbach energy E (eV) 0.296 0.281 0.258 0.311 0.234 0.199
Refractive index (n) 2.254 2.304 2.308 2.315 2.245 2.247
Dielectric constant (ε) 5.081 5.308 5.328 5.362 5.319 5.080
Reflection loss (R) 0.148 0.156 0.156 0.157 0.156 0.147
−3 0
6Molar refractivity (Rm) (cm ) 17.829 17.48
Molar polarizability (αm) (Å3) 7.075 6.93
behaviour and vary nonlinearly with the K2O content,
which manifests the mixed alkali effect in the present
glass system.
The theoretical optical basicity (Λth) of all of the glass
sample values were evaluated by using the following
equation [5]
Λth =  xK2O ΛK2O +  xNa2O ΛNa2O +  xMgO ΛMgO
+  xBaO ΛBaO +  xB2O3 ΛB2O3 (3)
where xK2O, xNa2O, xMgO, xBaO and xB2O3 are the
equivalent fractions of different oxides in mol%, i.e.,
the proportion of oxide atoms they contribute to the
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Fig. 1. Variation of Density and Molar volume as a function of K2O
content.17.039 16.625 16.157 15.231
6.761 6.597 6.411 6.044
stoichiometry of the glass. The values of optical basic-
ity for the individual oxides are ΛK2O =  1.4, ΛNa2O =
1.15, ΛMgO = 0.078, ΛBaO = 1.15 and ΛB2O3 =  0.425
[6]. The theoretical optical basicity (Λth) values are given
in Table 2. The Λth values increase with increasing K2O
content. The variations in the refractive index and opti-
cal basicity parameter as a function of K2O content are
shown in Fig. 2. It was observed that the variation with
K2O content is nonlinear, which may be attributed to the
mixed alkali effect.
3.2.  Optical  absorption  spectraThe optical absorption spectra for all of the samples of
KNMBB glasses were recorded at room temperature and
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Fig. 2. Variation of refractive index and theoretical optical basicity as
a function of K2O content.
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re shown in Fig. 3. The disorder in the optical absorption
OA) intensities is observed. In the glasses studied, the
etwork modifiers are the alkaline earth oxides (MgO,
aO) and the alkali oxides (K2O, Na2O). The content
f MgO and BaO was kept constant, while the con-
ent of K2O and Na2O was varied. In B2O3 glasses, the
ddition of network modifiers leads to the modification
breakage) of the glass network, creating non-bridging
xygens (NBOs). As the content of the alkali oxides
s changed, there will be variation in the NBO con-
entrations. Therefore, it may be concluded that the
isorder in OA intensities may be attributed to the varia-
ion of NBO concentrations. From the optical absorption
pectra, the cut-off wavelength, direct forbidden, direct
llowed, indirect allowed, and indirect forbidden energy
aps, and Urbach energy values are evaluated, and the
esults are presented in Table 2. The optical absorption
oefficient α(ϑ) near the fundamental absorption edge
f the curve was determined from the relation
(ϑ) = 1
d
log
(
I0
It
)
(4)
here d is the thickness of each sample, and the fac-
or log
(
I0
It
)
corresponds to the absorbance (A). I0 and
t are the intensities of the incident and transmitted
eams, respectively. For amorphous materials, the rela-
ion between α(ϑ) and the phonon energy of incident
adiation hϑ  follows the Davis and Mott [7] and Tauc
nd Menth [8] relation
(ϑ) =  B(hϑ  −  Eopt)n/hϑ  (5)
here ‘n’ is the index, which can have the values 1/3,
/2, 2 and 3, corresponding to direct forbidden, direct
llowed, indirect allowed and indirect forbidden transi-
ions, respectively. Here, B  is a constant called the band
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Fig. 3. Optical absorption spectra of KNMBB glasses.Fig. 4. Tauc plots [(αhϑ)1/2 versus hϑ] of the KNMBB glasses.
tailing parameter, Eopt is the optical band gap energy,
and hϑ  is the incident photon energy. The Tauc’s plots
for different glass samples were obtained by plotting
(αhϑ)1/2 and (αhϑ)1/3 as a function of the photon energy
hϑ for n  = 2 and n = 3, which correspond to the indirect
allowed and indirect forbidden transitions and are shown
in Figs. 4 and 5, respectively. The values of Eopt were
calculated from the linear regions of these curves, which
were extrapolated to meet the hϑ  axis at (αhϑ)1/2 = 0 for
indirect allowed and (αhϑ)1/3 = 0 for indirect forbidden
band gaps energies, and are listed in Table 2 for all of the
compositions. The variation of energy Eopt for n  = 2 and
n = 3 with K2O content is shown in Fig. 6. The variation1.0 1.5 2.0 2.5 3. 0 3.5 4.0
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Fig. 5. Tauc plots [(αhϑ)1/3 versus hϑ] of the KNMBB glasses.
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For amorphous materials, the value of the absorption
coefficient α(ϑ) is given by
α(ϑ) =  C  exp
(
hϑ
E
)
(6)
where C  is a constant and E  is the Urbach’s energy [9].
The exponential tail is due to phonon-assisted indirect
electronic transitions [6]. Fig. 7 shows the variation of
ln(α) as a function of photon energy hϑ, while the inset
shows the nonlinear variation in E  with respect to the
mol% of K2O content. This is an indication of the pres-
ence of the mixed alkali effect in the glass matrix. The
Urbach energy values are presented in Table 2.3.2.1. Refractive  index  (n),  dielectric  constant  (ε)
The refractive index (n) of all the glass samples val-
ues were evaluated from the optical band gap energy
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Fig. 7. Urbach energy of the KNMBB glasses.K2O mol%
Fig. 8. Variation of dielectric constant as a function of K2O content.
(Eopt) values using the relation proposed by Dimitrov
and Sakka [6]
(n2 −  1)
(n2 +  2) =  1 −
√
Eopt
20
(7)
The optical dielectric constants of the present glass
system values were calculated from the refractive index
value of each glass using the following equation [10].
ε  =  n2 (8)
The calculated refractive index (n) and dielectric con-
stant (ε) values are listed in Table 2. Fig. 8 shows the
nonlinear variation in dielectric constant as a function
of K2O content, which may be due to the mixed alkali
effect.
3.2.2. Reﬂection  loss  (R),  molar  refraction  (Rm)
and molar  polarizability  (αm)
The reflection loss (R) values were evaluated from the
refractive index of the glasses using Fresnel’s formula
[11].
R  =
(
n −  1
n  +  1
)2
(9)
Molar refraction is the one of the parameters related
to the glass structure and can be calculated by the
Lorentz–Lorenz equation as in [12–15]
Rm =
[ (n2 −  1)
(n2 +  2)
]
vm (10)
The ratio Rm
vm
is called the polarizability per unit vol-
ume. According to the Herzfeld theory of metallization
[11], prediction of the present glasses as metallic or insu-
lator is based on the metallization criterion (M), which is
given as M  =  1 − Rm
vm
.  If Rm
vm
>  1, the material exhibits a
G. Srinivas et al. / Journal of Taibah Univer
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Fig. 9. Variation of Rm as a function of Λth.
etallic nature, and if Rm
vm
<  1, the material is treated as
aving an insulating nature. The metallization parameter
alues of the present glass system are given in Table 2.
rom these values, we concluded that all of the present
lass samples behave as non-metals. The molar refrac-
ion for each glass was evaluated as a function of molar
olarizability (αm) via
m =
[
4παmN
3
]
(11)
Using the values of N  (Avogadro’s number), this equa-
ion becomes
m =  2.52αm (12)
From Eq. (12), the molar polarizability values can be
valuated, the results of which are presented in Table 2.
he variation in molar refraction as a function of the the-
retical optical basicity is shown in Fig. 9. Fig. 10 shows
he variation of the reflection loss and molar polariz-
bility as a function of K2O content, which exhibits the
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Fig. 10. Variation of R and αm as a function of K2O content.sity for Science 10 (2016) 442–449 447
mixed alkali effect (MAE). The mixed alkali effect was
also observed by other workers [16,17] in the physical
properties and spectroscopic studies.
3.3.  FT-IR  spectra
The FT-IR transition spectra gives significant infor-
mation about the molecular vibrations as well as rotation
associated with a covalent bond. The broad bands are
exhibited in the oxide spectra, most probably due to
the combination of the high degeneracy of vibrational
states and the thermal broadening of the lattice disper-
sion bands. Alkali or alkaline earth cations act as network
modifiers, breaking bridging oxygen bonds to form non-
bridging oxygen atoms (NBOs) and residing in sites
interstitial to the tetrahedral network in the vicinity of
the negatively charged NBOs. Fig. 11 shows the infrared
spectra of the present glass samples.
The assignments of the infrared spectra of all of
the glasses arise largely from the modified borate
networks and are mainly active in the spectral range
of 400–1600 cm−1. From the IR spectra, the peaks can
be categorized as sharp, medium and broad. In the
infrared spectrum, (i) the profile in the wavenumber
range from 400 to 800 cm−1 is assigned to the bend-
ing vibrations of various borate segments and vibrations
of alkali and alkaline earth cations through the glass net-
work, (ii) bands in the range 800–1200 cm−1 are due
to B-O asymmetric stretching of tetrahedral BO4 units,00510001005
X=15
X=5
X=25X=0
X=10
Tr
an
sm
itt
an
ce
[%
]
Wavenumber(c m−1)
X=20
Fig. 11. Infrared spectra of KNMBB glasses.
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Table 3
Observed IR bands and band assignments for the KNMBB glass system.
Glass composition Band assignments
KMBB6 KNMBB5 KNMBB4 KNMBB3 KNMBB2 NMBB1
446 413 & 435 430 & 455 417 & 436 417, 439 & 453 454 O-B-O bond bending vibrations and specific vibrations
of K-O, Na-O, Mg-O and Ba-O bonds
723 719 717 715 707 713 Bending vibrations of Borate segments
998 954 & 1008 1014 932 & 1035 949 & 1016 988 B-O stretching vibration of tetrahedral BO4 units from
penta borate groups
1201 1224 1217 1225 1230 1211 B-O stretching vibration of trigonal BO3 units from
meta- and ortho-borate groups
1382 1391 1394 1381 1396 1395 B-O− bending and stretching vibrations of in [BO3]
triangles from various types of borate groupsconnected to three oxygen atoms in BO3 units [18–21].
Therefore, systematic changes in the infrared spectra of
the glasses under study showed the presence of three
principal broad bands at approximately 700, 1000 and
1390 cm−1, and these have shown a sharp deep band
approximately 446 cm−1, 413 and 435 cm−1, 430 and
455 cm−1, 417 and 436 cm−1, 417, 437 and 453 cm−1
and 454 cm−1, corresponding to the KMBB6, KNMBB5,
KNMBB4, KNMBB3, KNMBB2 and NMBB1 glass sys-
tems, which indicate the presence of different specific
vibrations of K-O, Na-O, Mg-O and Ba-O as the alkali
and alkaline cations at localized sites [2,22–24]. Also
observed are deep broad bands approximately 998 cm−1,
954 cm−1, 932 cm−1, 949 cm−1 and 988 cm−1, corre-
sponding to KMBB6, KMBB5, KMBB3, KMBB2 and
KMBB1 in glass systems only. The assignments of the
peaks are listed in Table 3 and are due to the B-O stretch-
ing vibration of tetrahedral BO4 units. We observed
from the IR spectra that the peak positions appeared at
the high-energy side for NMBB1 and low-energy side
for KMBB6 glasses except approximately 700 cm−1, as
sodium oxide (Na2O) has a lower atomic radius com-
pared to potassium oxide (K2O). From these data, it can
be observed that the IR band at ∼806 cm−1 is absent;
this is an indication of the absence of boroxol rings in
the present glass system, and hence the structure of the
glasses consists of only BO3 and BO4 groups. Table 3
shows the weak and broad bands and band assignments
of all of the glass samples. It was observed that the inten-
sity of the broad band at ∼710 cm−1 increases and shifts
towards the higher wave number side as the concen-
tration of K2O increases from 0 to 25 mol%, and the
remaining weak and broad bands change very little with
K2O concentration for all of the glass samples except
x = 0 mol%, which is clearly depicted in the inset of
Fig. 11 and may be due to the change in concentration ofnon-bridging oxygens and expansion of the B-O network
with x mol%.
4.  Conclusions
•  The density and molar volume values show opposite
behaviour and vary nonlinearly with the K2O content,
which manifests the mixed alkali effect in the present
glass system.
• The theoretical optical basicity slightly increases with
the increase of the K2O content.
• The indirect allowed and indirect forbidden energy
gap values were evaluated corresponding to n  = 2 and
n = 3 in the present glass system.
• The values of Rm, αm and Λth increase with the
increase of the K2O content. The values of R, ε  and
n increase up to x  = 10 mol% and then decrease there-
after, which may be due to the mixed alkali effect.
• The FT-IR spectra of the present glass samples exhib-
ited the three characteristic active vibrational modes
of a borate network: (i) the profile in the wavenum-
ber range from 400 to 800 cm−1 is assigned to the
bending vibrations of various borate segments and
vibrations of Na-O, K-O, Mg-O, and Ba-O cations
through the glass network; (ii) bands in the range of
800–1200 cm−1 are due to B-O asymmetric stretching
of tetrahedral BO4 units; and (iii) peaks at approx-
imately 1200–1600 cm−1 are the strong IR bands,
which are generated by the stretching vibrations of
borate units in which boron atoms are connected to
the three oxygen atoms in BO3 units.
• In the IR spectra, the intensity of the broad band at
−1∼710 cm increases and shifts towards the higher
wave number side as the concentration of K2O
increases from 0 to 25 mol%, and the remaining weak
and broad bands change very little with the K2O
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